We report simple and inexpensive technique using several sheets of white paper for filtering the blue and non-blue radiation of a white light emitting diode source in the transmission mode. We visibly illustrate successful rejection of specific energy of white light by the filtering papers through absorption mechanism where weak transmission of blue and red radiations are observed. In addition, photoluminescence arising from the papers in near infrared region is also presented while using the white light excitation. Owing to the presence of different whitening agents in the papers, selective absorption and divergent coloured emission from the sheets are observed.
Introduction
Optical radiation, either of single or variable wavelengths, has been successfully applied in communication, imaging, sensing, energy conversion and medicines [1, 2, 3, 4, 5] . The selective radiation energy from a polychromatic source can be achieved by using monochromators and optical filters/limiters. In the modern white light emitting diode (LED) sources, both blue and yellow LEDs are used [6, 7] . These white LEDs are often utilised in display applications in televisions, laptops and cellphones. Prolonged exposure to these radiations affects the human eye visibility and thus demands for implying selective light filters on these display platforms [8, 9] .
The quality of the paper is often determined by its thickness, brightness and whiteness. The paper manufacturers use luminescent whitening/ brightening agents to make the sheets look brighter and whiter without compromising the cost. These agents often absorb UV radiation and enhance the blue luminescence and chromaticity shift of the * Corresponding author Email address: archana.tiwari.ox@gmail.com (Archana Tiwari ) paper making them appear "whiter than white" [10, 11] . Different kinds of such agents are present in the commercial papers in variable concentrations owing to which some papers look bluishwhite whereas some appear with yellowish tint. LED illumination on papers have been applied to assess their quality and whiteness by measuring their total radiance factor [12, 13, 14] . In addition, UV irradiation on newspapers prompts surface luminescence whose intensity has been used to probe oxygen concentration [15] .
In this report, we have applied commercially available papers with variable thickness for filtering blue and non-blue radiation by simple and cost effective technique. Although this study shows weak transmission from the filtering papers, successful rejection of specific energy of white LED radiation is observed through absorption mechanism. We have also noted photoluminescence (PL) arising from the papers in the infrared region while filtering the radiation.
Materials and methods
Four kinds of representatives of white papers were selected for the study which are commercially available namely, envelopes, writing-pad pa- pers, newspapers and A4-sized printing papers. Of these white papers, writing-pad and A4-sized printing papers have slightly bluish tint whereas the envelopes and the newspapers have yellowish tone.The sample labels and their make, thickness and number of sheets used in this work are given in Table. 1. A white light source (LED flashlight of Samsung Galaxy S7 smartphone) was used for illuminating the target sheets of paper. The papers were placed just above the light source in the stacked manner and were manually pressed with heavy weight to avoid spacing between them. The transmitted light was collected perpendicular to the sheets using an optical fiber coupled with Ocean optics USB 2000 spectrometer in the range of 200-1100 nm. The acquisition time was varied between 1 ms to 500 ms. The schematic of the experimental setup is shown in Figure 1 . UV-vis and PL (in reflection mode) spectra of a sheet of these papers were recorded using Perkin Elmer Lambda 750 and LS55 spectrophotometers respectively. Figure 2 shows photographic image of white light transmission from the smartphone in air and through various paper samples in dark environment. It can be noted from the figure that the incident white light becomes red, blue, blue and orange, when it travels through stacks of 4 envelopes (E4), 20 writing-pad papers (P20), 10 A4-sized printing papers (A4-10) and 8-paged newspaper (NP8) respectively. The change in the colour implies that the incident white light is selectively getting absorbed through the sheets and is transmitting the radiation of unabsorbed colours. In addition, the appearance of these colours could also be attributed to the luminescence arising from the papers due to the presence of whitening and brightening agents in them.
Results and Discussion
For the detailed understanding, the transmission spectra of the white-light through air (control) and through the papers are obtained. Figure 3(a) shows the spectra of control along with light transmitted through one (E1) to four (E4) envelopes. It can be seen from the figure that the peak intensity decreases with increase in number of stacked envelopes however the drop in intensities is not homogenous in the examined region. For clarity of the observed peaks, the normalised intensities are also shown in Figure 3 (b). In addition to complete absorption in the blue region, a narrow transmission around 650 nm is also observed. This implies that the envelopes are working as an absorptive media for the wide spectrum white-light and are allowing only red coloured transmission at around 650 nm. Coincidentally, on exciting an envelope with 450 nm in reflection mode yields a very strong PL in the similar region (as discussed later in Figure 9 ). This is why, the transmission through the envelops look red in Figure 2 . By increasing the number of layers of envelopes and consequently the concentration of the whitening agents in the sheets, the luminescent peak at 615 nm in E1 redshifts to 650 nm in E4 allowing narrow tunability of the transmission [16] .
Unlike the envelopes, the transmission of whitelight through stacks of writing pad papers is blue coloured. Figure 4 (a) shows the spectra of control along with light transmitted through one (P1) to ten (P10) papers. In addition, the normalised intensities are also shown in Figure 4 (b). It can Table 1 : Types of paper used in this study with their labels, thickness of the single sheet and number of sheets. The make of these sheets are also marked. be seen from Figure 4 (a) that the transmission intensity doesn't change significantly by adding first two papers and drops remarkably by stacking three or more papers. This could be attributed to the light diffusion by the few layered papers whereas adding more layers absorbs the radiation. It can also be noted from Figure 4 (a) that the relative intensity of the blue transmission at 450 nm as compared to the other colours increases with number of stacked papers. Like envelopes, in these papers also similar transmission around 638 nm in P2 is observed which redshifts to 666 nm in P20. However, by adding 10 or more layers of papers, a new luminescent peak around 760 nm is observed. Interestingly, by further adding 10 or more layers, the peaks between 500 to 600 nm are completely filtered leaving behind the blue transmission and the infrared luminescence. Thanks to the stronger intensity and higher energy of the blue transmission as compared to the infrared PL, the appearance of blue radiation through the pile of papers is inevitable. Additionally, we have also observed a new peak around 519 nm in P2 which blueshifts upon adding more layers to 478 nm in P20. This luminescent peak might appear due to the presence of the whitening agent and blueshifts due to the reabsorption of the transmission at 450 nm. Like the writing pad papers, the transmission of white-light through the A4 printing papers is also blue coloured. Figure 5 (a) shows the spectra of control along with light transmitted through one (A4-1) to five (A4-5) papers. In addition, the normalised intensities are also shown in Figure  5 (b) for A4-3 to A4-10 papers. It can be seen from Figure 5 (a) that adding first layer of the sheet only diffuses the radiation whereas the intensity drops remarkably by stacking two or more papers. Like writing pad papers, in A4-sized papers also the relative intensity of the blue transmission at 450 nm as compared to the other colours increases with number of stacked papers and similar emissions around 510 nm and 640 nm in A4-2 is observed which shifts to 485 nm and 662 nm in A4-10. By adding 5 or more layers of papers, a new luminescent peak around 746 nm is observed and it redshifts to 765 nm for A4-10. Similar to P20, by adding 10 layers of A4 papers (A4-10), the peaks between 500 to 600 nm are completely filtered leaving behind the blue transmission and the infrared luminescence. Interestingly, when the similar experiments are performed on these A4 sheets exposed to air and sunlight for sometime, the blue emission turns pinkish owing to the colour change of the paper surface from bluish to yellowish shade (See the inset of Fig. 2d ). This reveals that both absorption and emission from the paper surfaces are dependent on their exposure to ambient light and air conditions which in turn affects the constituents in them [15] .
Normalised Intensity
Wavelength (nm) P20 A4-10 NP8 E4 Figure 6 : Normalised intensity of the light transmitted through air (control), P20, A4-10, NP8 and E4. Figure 6 shows the normalised spectra of control along with light transmitted through four envelopes (E4), 20 writing-pad papers (P20), 10 A4 papers (A4-10) and 8 sheets of newspaper (NP8). It can be seen from the figure that these papers completely absorb the light in the range 550-600 nm and transmit and luminesce in the region 600-800 nm. Unlike other samples, P20 and A4-10 absorbs radiation between 500-620 nm and transmits the blue colour at 450 nm which makes them potential candidate for blue-light transmittance filter. Owing to these observations, we report these paper-based systems as the first colour filters for a white-light source. Presence of different luminescent peaks in these papers under the same illumination could be attributed to presence of different coating/whitening agents and/or the variation in the paper constituents [17] . However, functional group analysis through FTIR spectra (see Figure 7) show almost similar features in these samples which is analogous to that of the unbleached paper pulps [18] . Similar FTIR spectra for these four different papers could be ascribed to the feeble presence of the whitening and coating agents in them.
In order to understand the absorption characteristics of these papers, UV-vis absorption spectra of single sheet of these papers are obtained and are shown in Figure 8 . It can be seen from the figure that all paper samples absorb in the emission range of the white light (as shown in grey shades in the figure). Unlike other samples, writing pad paper (P1) and A4 printing paper (A4-1) shows relatively lesser absorption at 450 nm as compared to the range 500-600 nm. As a result, the transmission of blue light in these papers is apparent as compared to the others.
PL spectra of single sheet of these papers are also examined at 450 nm and 515 nm excitation energies in reflection mode and are shown in Figure 9 . It can be noted from the figure that in all samples, there is weak luminescence at around 600 nm and 680 nm when they are excited at 450 nm and 515 nm respectively. However, in the envelope sheet (E1), 450 nm excitation leads to strong (almost saturating) luminescence at around 600 nm, which roots to the red coloured luminescent transmission through it.
Conclusion
In summary, we have successfully demonstrated the potentials of paper based absorption filters for the blue and red colour transmission. The papers behave as absorptive media for the selective energies and allow the transmission of the remnant. Due to the presence of different whitening agents in the paper variants, their luminescence characteristic also varies and redshifts with increase in the number of sheets. This work can further be extended towards exploring, tuning and optimising the prospects of these affordable paper based optical filters. 
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